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ABSTRACT

A specific, precise and accurate ion-pair HPLC-UV method has been developed and validated for simultaneous deter-
mination of phosphocreatine (PCr), and its metabolite creatine (Cr) as well as related ATP in plasma and red blood cell
(RBC) of rabbits. After addition of TMP as IS, the samples were deproteinized with 6% PCA. The analytes were sepa-
rated on a Kromasil C18 column using a tertiary gradient mobile phase composed of buffer A (0.2% KH,PO, + 0.08%
tetrabutyl ammonium hydrogen sulphate, pH 3.0), buffer B (buffer A adjusted to pH 7.5 with 1 mol/L NaOH) and
MeOH. Detection wavelengths were set at 210 nm for PCr and Cr and 260 nm for ATP and TMP. Some blank samples
were initially run for baseline subtraction. The linear detection responses were obtained for PCr concentration over a
range of 10 - 7500 pg/ml (plasma) and 5 - 2500 pg/ml (RBC) and for both Cr and ATP concentrations of 10 - 1500
pg/ml (plasma) and 5 - 750 pg/ml (RBC) (r > 0.99). The QC samples of 3 analytes showed intra-day and inter-day pre-
cisions (RSD) of <10%, accuracy of 97% - 107%. The method was successfully used to simultaneously determine
plasma and RBC concentrations of the 3 analytes and to study pharmacokinetics after iv administration of PCr to rab-
bits.
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1. Introduction

Phosphocreatine (PCr), namely creatine phosphate, is
one of important high-energy phosphates in the body and
plays a vital role in energy metabolism of body by acting
as a storage form of energy used for re-synthesis of ATP.
Exogenous PCr has long been developed as a cardio-
protective drug and extensively used for adjunct therapy
of heart failure, myocardial infarction, and as an additive
ingredient in cardioplegia solution during heart surgical
operation [1-4], and thereby recorded in The Extra Phar-
macopoeia [5].

Although there are numerous preclinical and clinical
studies on pharmacodynamics of exogenous PCr [2-4,
6-10], the considerable shortages of studies on pharma-
cokinetics are evident. In only 3 reports available cur-
rently on plasma pharmacokinetics of PCr [3,6,11], non-
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specific assays without chromatographic separation, in-
cluding spectro-photometry, biolumilescence, were used
to determine plasma PCr concentration, so that the reli-
ability of the obtained pharmacokinetic results is limited.
A specific bio-analytical method has become prerequisite
in order to elucidate pharmacokinetic behaviors of PCr;
but, to date, there is no report available in literature on
pharmacokinetics of PCr investigated by means of spe-
cific HPLC assay. Besides, recent studies have shown
that creatine, a metabolic product of PCr in body, has
extensive physiological and pharmacological activities
[12-14]. However, the kinetic process of bio-transfor-
mation from PCr to creatine has not been investigated. In
addition, it was previously found in our lab that after iv
administration of PCr to rats the hemorheology was sig-
nificantly improved, theoretically, this was related to
elevated ATP level in RBC. In view of these situations,
this study was designed to develop a specific ion-pair
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HPLC-UV assay for simultaneous determination of PCr,
its metabolite Cr and PCr-related ATP in plasma and
RBC of rabbits, so as to study the pharmacokinetics of
exogenous PCr and its metabolic disposition as well as
its influence on ATP level.

2. Materials and Methods
2.1. Chemicals and Reagents

Test drug PCr (>97% purity), as creatine phosphate diso-
dium tetrahydrate formulated as sterile powder for injec-
tion, was kindly provided by Harbin Bolai Pharmaceuti-
cal Co., Ltd (Harbin, China). Reference standards of PCr,
Cr and ATP (>99% purity, respectively) were purchased
from Merck (Germany and USA), trimethoprim (TMP)
as an internal standard (IS) (99% purity) was obtained
from National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China). Other chemi-
cals including tetrabutyl ammonium hydrogen sulphate
(TBA) used as ion-pair reagent (JK Co., Ltd, USA),
KH,PO,4, NaOH, Perchloric acid (PCA) and K,CO; were
all of analytical grade. MeOH (Tedia, USA) was of
HPLC grade. The bidistilled water was used for prepara-
tion of mobile phase and solutions.

2.2. Chromatographic Conditions

The liquid chromatographic system consisted of an Agi-
lent 1100 HPLC Chromatograph equipped with a qua-
ternary pump, an on-line degasser, a UV-detector and a
refrigerated autosampler. The system control and data
processing were performed on a Chemstation 32 software
(Agilent, USA). The chromatographic separation was
achieved on a Kromasil C,g analytical column (250 x 4.6
mm, 5 pm) (Ilite, Dalian, China) protected by a pre-
column (20 x 4.6 mm, 10 pm) using a gradient mobile
phase, composed of buffer A (0.2% KH,PO, + 0.08%
TBA, pH 3.0), buffer B (buffer A adjusted to pH 7.5 with
1 mol/L NaOH) and MeOH, coupled with a changed
detection wavelength of 210 nm for PCr and Cr and 260
nm for ATP and TMP as well as a changed flow rate

from 1.0 to 1.3 ml/min, which was detailed in Table 1.

2.3. Preparation of Standards

The separate stock solutions of PCr (75 mg/ml), Cr (15
mg/ml) and ATP (15 mg/ml) were prepared in water and
then serially diluted to obtain respective serial working
standard solutions of 100 - 75000 pg/ml for PCr, 100 -
15000 pg/ml for both Cr and ATP. The stock solution (5
mg/ml) of TMP as IS was prepared in MeOH.

The above stock solutions were all stored at —20°C, the
serial working standard solutions were freshly prepared
from respective stock solutions and stored at 4°C.

2.4. Collection of Plasma and RBC Samples

A 400 pl aliquot of rabbit blood sample was collected
and centrifuged at 4°C (3000 r/min) for 10 min, the
plasma at upper layer was withdrawn out and stored im-
mediately at —20°C for plasma pharmacokinetic study.
The remainder at lower layer containing RBC was
washed with 500 pl of physiological saline and centri-
fuged at 4°C (3000 r/min) for 10 min, the same procedure
was repeated twice to remove co-existing plasma and
other substances, the washed RBC at lower layer was
further treated with addition of equal volume of distilled
water to yield RBC sample.

2.5. Pre-Treatment of Samples

An aliquot of 100 pl of plasma or RBC sample was trans-
ferred into an Eppendoff tube containing 10 pl of TMP
solution and 30 pl of water, the resultant mixture was
deproteinized with 360 pl or 100 pl of pre-cooled 6%
PCA. After centrifuging (10000 r/min x 2 min) at 4°C to
remove precipitate a 300-pl or 150-pl aliquot of the su-
pernatant was transferred into another tube and immedi-
ately neutralized with pre-cooled 2 mol/L K,CO; to pH
7.0. A volume of 20 pl of neutralized supernatant fol-
lowing centrifugation was injected into chromatograph
for HPLC analysis. The above procedures were all con-
ducted in ice-bath and all utilized solutions were pre-

Table 1. The detailed gradient mobile phase and detection.

Composition of mobile phase (%)

Time (min) Buffer A Buffer B MeOH Flow rate (ml/min) Curve Detection wavelength (nm)
0 100 0 0 1.0 6 210
8 100 0 0 1.0 6 210
10 0 85 15 1.2 6 260
18 0 85 15 1.2 6 260
20 0 80 20 1.3 6 260
29 0 80 20 1.3 6 260
30 100 0 0 1.0 6 210
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cooled in ice bath.

2.6. Preparation of Calibration Curves

Seven portions of 100 ul blank plasma or blank RBC
samples were spiked with 10 pl each of appropriate
standard working solutions of the above 3 analytes and
10 ul of stock solution of IS, respectively, and vortex-
mixed well to make plasma standard samples containing
7500, 2500, 500, 100, 50, 20, 10 pg/ml of PCr, and 1500,
750, 300, 100, 50, 20, 10 pg/ml of each of Cr and ATP,
respectively, or RBC standard samples containing 2500,
500, 100, 50, 20, 10, 5 pg/ml of PCr, and 750, 300, 100,
50, 20, 10, 5 pg/ml of each of Cr and ATP, respectively.
The above plasma or RBC standard samples were further
treated with 6% PCA followed by neutralization as de-
scribed under the section Pre-treatment of samples, the
chromatogram and peak area were recorded. The above
procedures were repeated 3 times. Meanwhile a blank
plasma or RBC sample was run for baseline subtraction.
Then, the peak areas of exogenous PCr, Cr and PCr-re-
lated ATP were calculated as peak area of plasma or
RBC standard samples minus respective peak area of
blank samples and were used to construct the calibration
curves of the 3 analytes of exogenous origin based on
peak area internal standard method. The weighed least
square linear regression was used for calibration curve
fitting with 1/C? as weighing factor.

2.7. Validation of Methodology

This HPLC assay was validated using quality control
(QC) samples containing PCr + Cr + ATP, which were
prepared as described under section preparation of cali-
bration curve, at high (2500 + 750 + 750 pg/ml), middle
(100 + 100 + 100 pg/ml) and low (20 + 20 + 20 pg/ml)
concentrations for 6 repeated analysis, separately.

The validation was performed by determining the in-
tra-day and inter-day precisions expressed as relative
standard deviation (R, S, D) for 6 determinations on a
single assay day and 6 consecutive assay days, assay
accuracy assessed as a percent of measured concentra-
tions based on the regression equation of the calibration
curve VS the spiked concentration, and recovery assessed
by direct comparison of respective peak area obtained
from PCA-extracted QC samples with those from unex-
tracted standard solutions having concentration identical
to the QC samples.

The stability of 3 analytes in plasma and RBC was
evaluated by analyzing replicates (n = 3) of the QC sam-
ples at high and low levels as described above, which
were exposed to different storage conditions (time and
temperature), including —20°C for up to 1 month and
room temperature for up to 8 h for QC samples, 4°C in
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auto-sampler for up to 24 h for PCA-extracted QC sam-
ples and —20°C for up to 2 months for standard stock
solutions. The results were compared with those obtained
from freshly prepared samples. The analytes were con-
sidered to be stable in biological matrix when 90% -
110% of the initial concentrations were found.

2.8. Application of the Methodology

The present method was used to measure concentration-
time profiles of PCr, its metabolite Cr and PCr-related
ATP in plasma and RBC after intravenous administration
of PCr at a dose of 500 mg/kg to 5 male rabbits. The
blood samples were taken prior to dosage and at 2, 4, 6,
10, 15, 20, 30, 40, 60, 90, 120, 150 min post dose and
then the plasma and RBC samples were prepared in the
same way as described under section collection of plas-
ma and RBC samples. Pharmacokinetic parameters were
estimated by compartment and non-compartment analy-
sis using 3p97 software package (version 1.1 PK soft-
ware, China Mathematical Pharmacological Society).

3. Results and Discussion
3.1. Method Development

3.1.1. Chromatography Conditions

In spite of the reports on ion-pair HPLC-UV assay for
determination of myocardial PCr, Cr, ATP and other
adenine nucleotides having been found in the literature
[15,16], the simultaneous determination of the above 3
compounds in the plasma and RBC is not available in
literature to date. The establishment of chromatographic
conditions is confronted with many difficulties: 1) PCr
and Cr are short of chromophoric group, end absorption
wavelength 210 nm has to be used for detection, this
must increase the matrix interferences; 2) PCr and Cr are
polar compounds and therefore have short retention time
(t)) compared with ATP having a long t, of >2 h on the
reversed phase C18 column; 3) The pH of mobile phase
has great influence on chromatographic behaviors of
these compounds, low pH favors detection of PCr and Cr
but not ATP, which was eluted over 3 h when pH 3.0
mobile phase was used, however, high pH favors ATP
but not PCr and Cr, both of which showed serious peak
tailing and extended t;, leading to a compromised peak
resolution when pH 7.5 mobile phase was used. In view
of the above, the isocratic mobile phase is not practicable,
the complicated gradient mobile phase involving changes
in composition, pH, wavelength and flow rate has to be
used. As shown in Table 1, tertiary mobile phase was
utilized where buffer A with pH 3.0 was initially run
from 0 - 8.0 min for PCr and Cr, thereafter changed to
buffer B with pH 7.5 for ATP and IS, meanwhile detec-
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tion wavelength changed from 210 nm to 260 nm, corre-
spondingly. In order to shorten t,of IS and ATP, MeOH
as organic modifier coupled with increased flow rate
from 1.0 to 1.3 ml/min was used after Cr and PCr were
eluted.

3.1.2. Choice of Internal Standard

For reliable quantification IS selection is very important,
especially in this study, majority of studies on detection
of myocardial high energy phosphates employed external
standard method [15] except a study by Dr A. Ally, et al.
who used AP, as IS [16]. However, AP, is not only ex-
pensive but also is eluted after ATP and has very long t,
leading to an unacceptable long single run time. We
chosen TMP as IS from many compounds due to not
only its easy to be purchased and being cheap but also its
desired t. between PCr and ATP.

3.1.3. Sample Preparation

The analytes in this study have high polarity and are dif-
ficult to be extracted with organic solvents, accordingly,
PCA-deproteinization method was used to prepare plas-
ma and RBC samples, but PCr is unstable in acid, thus all
procedures must be performed under low temperature at
ice-salt bath. Also, the acid-extract must be neutralized
immediately to pH 7.0. The pre-treatment results in a
dilution effect, which in combination with the low molar
extinction co-efficiency leads to a higher pg-level of
limit of quantification (LOQ), fortunately, PCr is very
low in toxicity and large dose has been clinically used in
human, thus such a pg-level LOQ also suffices re-
quirements for pharmacokinetic study.

3.1.4. Quantification of Exogenous PCr, Cr and
PCr-Related ATP

The 3 analytes are all endogenous physiological sub-
stances, whereas the purpose of this study is to determine
exogenous PCr, Cr and PCr-related ATP. At present time,
pharmacokinetic study of exogenous physiological sub-
stances is still a difficult subject, the problem lies in how
to differentiate them from corresponding endogenous
substances. The best way is isotope-label of exogenous
substances, however, this is not desired. A simple and
easy to be performed method called baseline subtraction
is currently extensively used [17,18]. In this study, a PCr,
Cr and ATP-free blank plasma and RBC cannot be found,
therefore the baseline subtraction method is used to con-
struct calibration curve and to study pharmacokinetics of
exogenous PCr and its metabolic disposition.

3.2. Specificity

Figure 1 showed representative HPLC profiles of a
blank rabbit plasma sample and a blank plasma sample
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spiked with standard solution and IS and a plasma sam-
ple collected from a rabbit at 20 min after a single 500
mg/kg iv dose of PCr, indicating that no interference
from endogenous substances at t, of PCr, Cr, TMP and
ATP, i.e, 5.8, 3.4, 17.8 and 27.2 min, respectively. The
single run time was 30 min (The HPLC chromatograms
for RBC samples were similar to those for plasma, and
omitted).

3.3. Linearity and Limit of Quantification

Table 2 presented related parameters of calibration
curves, constructed by plotting peak area ratio of each
analyte to IS vs analyte concentration, good linearity for
the 3 analytes over the low and high concentration range
were observed with r* being >0.995 or >0.999 and the
LOQ of 10 pg/ml plasma and 5 pg/ml RBC for the 3
analytes, respectively.

3.4. Precision, Accuracy and Extraction
Recovery

Analytical precision and accuracy data were shown in
Tables 3-5. The intra- and inter-day precisions at low to
high concentrations were better than 10% for the 3 ana-
lytes in plasma, and 7% in RBC. The intra- and inter-day
accuracies were between 97% - 106% for the 3 analytes
in plasma and between 97% - 107% in RBC. The extrac-
tion recovery in both plasma and RBC were all between
90% - 100% for 3 analytes and IS.

3.5. Stability of Plasma and RBC Samples

It was shown that the QC samples of plasma and RBC
stored at —20°C were stable for at least 1 month, but un-
stable at room temperature, as reflected by only 87% of
initial concentration being found at 2 h-storage for PCr
and <90% at 4 h for ATP and Cr. The PCA-extracted
plasma and RBC samples were stable for at least 24 h
when stored in auto-sampler at 0 - 4°C. The stock solu-
tions of 3 standards were found to be stable at least 2
months during storage at —20°C.

3.6. Assay Application

Figure 2 depicted the time courses of PCr and Cr in
plasma and Cr and ATP in RBC of rabbits receiving a
single iv dose of PCr 500 mg/kg. It could be seen that
PCr disappeared from plasma in a bi-exponential fashion
with a very short elimination half life (t,,3 24.7 min), and
the metabolite Cr was detected as early as 2 min after iv
dosing PCr, and rapidly reached peak concentration at 20
min followed by a slow decay in concentration with a
longer half life (t;, 40.6 min). It was also evident that the
PCr-related ATP was not detectable perhaps due to
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Figure 1. Representative chromatograms of rabbit blank plasma (a), a blank plasma sample spiked with standard solution
and TMP (b) and a plasma sample collected from a rabbit at 20 min after a single 500 mg/kg iv dose of PCr and spiked with

TMP (c).

Table 2. Linearity, LOQ and regression equations of 3 analytes (n = 3).

Biological sample Analyte Linearity range pg/ml Regression equation r LOQ pg/ml
PCr 10 - 7500 Y =0.00236X — 0.00696 0.9987 10
Plasma Cr 10 - 1500 Y =0.00305X — 0.00492 0.9969 10
ATP 10 - 1500 Y =0.00335X + 0.00404 0.9981 10
PCr 10 - 2500 Y =0.00488X — 0.00049 0.9997 5
RBC Cr 10 - 750 Y =0.00487X — 0.00027 0.9998 5
ATP 10 - 750 Y =0.00394X + 0.00130 0.9989 5
Table 3. The precision and accuracy of 3 analytes in plasma (x + SD, n = 6).
Analyte Spiked conc Intra-day Inter-day
(ng/ml) Measured conc (ug/mL)  RSD (%) Accuracy (%) Detected conc (ug/ml)  RSD (%) Accuracy (%)
PCr 20 19.87 3.76 99.35 19.74 4.20 98.70
100 100.50 5.95 100.50 100.39 5.13 100.39
2500 2549.82 3.94 101.99 2555.96 3.65 102.24
Cr 20 19.60 5.41 98.02 19.80 2.03 99.01
100 99.19 4.51 99.19 97.86 5.72 97.86
750 771.98 6.16 102.93 768.37 4.49 102.45
ATP 20 20.42 8.42 102.12 20.52 5.87 102.62
100 105.32 4.61 105.32 104.68 4.11 104.68
750 748.83 6.93 99.84 749.76 8.98 99.97
Table 4. The precision and accuracy of 3 anlytes in RBC (; +SD, n=6).
Anal Nominal conc Intra-day Inter-day
nalyte (ng/ml) Detected conc (ug/ml) ~ RSD (%)  Accuracy (%)  Detected conc (ug/ml)  RSD (%)  Accuracy (%)
PCr 10 10.07 2.87 100.66 10.09 6.02 100.88
50 50.02 4.75 100.04 50.04 4.29 100.09
500 531.17 3.95 106.23 521.65 4.53 104.33
Cr 10 10.15 3.66 101.53 10.07 4.74 100.72
50 50.62 3.69 101.24 50.55 4.36 101.10
300 297.04 5.61 99.01 296.60 2.61 98.87
ATP 10 10.35 3.63 103.45 10.50 3.00 105.04
50 49.13 5.50 98.26 50.07 8.02 100.15
300 293.63 6.41 97.88 293.18 4.76 97.73
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Table 5. The extraction recovery of 3 analytes in plasma and RBC.

Plasma RBC
Analyte Spiked conc (ug/ml)  Mean extraction recovery (%) RSD (%)  Spiked conc (ng/ml)  Mean extraction recovery (%) RSD (%)

PCr 20 93.19 3.83 10 92.59 3.98
100 93.11 2.45 50 93.31 2.89

2500 93.65 2.89 500 93.86 237

Cr 20 92.71 3.06 10 92.15 1.98
100 93.52 2.62 50 95.12 2.59

750 93.70 3.53 300 94.29 2.21

ATP 20 93.36 4.1 10 93.15 5.21
100 94.26 1.47 50 94.25 2.37

750 92.49 3.96 300 93.51 2.18

TMP 500 95.04 1.53 500 98.50 0.39
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Figure 2. Mean plasma and RBC concentration-time profiles after intravenous administration of 500 mg/kg of PCr to rabbits

(n=5).

plasma being not an energy-consuming tissue.

It was shown that in the RBC no exogenous PCr could
be detected, opposed to that metabolite Cr and PCr-re-
lated ATP were detectable as early as 2 min after iv dos-
ing PCr and had ty,, of 120 min and 67 min as well as
Ciax of 18 and 33.8 pg/ml and t;, of 70.1 and 49.1 min,
respectively. This indicated that plasma PCr was difficult
to transport into RBC due to its high polarity, however,
iv administration of PCr resulted in a significantly in-
creased Cr and ATP in RBC. This significant increase in
ATP provides a supportive evidence for improved hem-
orrheology after iv administration of PCr in rabbits.

4. Conclusion

An ion-pair reversed phase HPLC-UV assay coupled
with a gradient mobile phase and changed detection
wavelength, flow rate and buffer pH was developed for
simultaneous determination of exogenous PCr, metabo-
lite Cr and PCr-related ATP in plasma and RBC, and

Open Access

validated to be specific, precise and accurate. From the
results obtained from rabbits receiving a 500 mg/kg iv
dose of PCr, this new method has been demonstrated to
allow correct quantification of the above 3 analytes by
means of internal standard method and baseline subtrac-
tion method and thus to be able completely to meet the
requirements for studies of pharmacokinetics and meta-
bolic disposition of exogenous PCr in rabbits.
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